In this review we examine the current state of analytical methods in proteomics. The conventional methodology using two-dimensional electrophoresis gels and mass spectrometry is discussed, with particular reference to the advantages and shortcomings thereof. Two recently published methods which offer an alternative approach are presented and discussed, with emphasis on how they can provide information not available via twodimensional gel electrophoresis. These two methods are the isotope-coded af®nity tags approach of Gygi et al. and the two-dimensional liquid chromatography±tandem mass spectrometry approach as presented by Link et al. We conclude that both of these new techniques represent signi®cant advances in analytical methodology for proteome analysis. Furthermore, we believe that in the future biological research will continue to be enhanced by the continuation of such developments in proteomic analytical technology.
Why do we analyse proteins?
The long-standing paradigm in biology is that DNA synthesizes RNA, which synthesizes protein. Conventional wisdom states that the blueprint for how to assemble a cell is contained in the genetic code, but it is important to realize that the bricks and mortar used in the building process are predominantly proteins. Thus, proteins are the molecules in cells that are directly responsible for maintenance of correct cellular function, and consequently the viability of the organism that contains the cells. In recent years, the simultaneous study of the whole range of proteins expressed in a cell at any given time has become an area of great interest. This has led to the classi®cation of a new subdiscipline of protein chemistry known as`proteomics', where a proteome is de®ned as the protein complement expressed by the genome of an organism or cell type [49] .
The tools used in the analysis of proteins, however, still lag behind the analogous tools used in the analysis of DNA and RNA. It is relatively facile to undertake identi®cation and quanti®cation of many different DNA or RNA molecules in a single experiment using an array prepared from a single initial sample. This can be done using such techniques as DNA chips and cDNA microarrays [41, 23] , differential display PCR [24] and serial analysis of gene expression [46, 47] . It is simply not possible to perform the same type of experiments at the protein level using two-dimensional gel electrophoresis (2DE), which is the current widely accepted technology in this area despite the fact that it suffers from several major shortcomings.
In discussing analytical methods to be used in proteome analysis, consideration must be given to the fact that the number of proteins expressed at one time in a given cellular system is typically in the thousands or tens of thousands. Any attempt to categorize and identify all of these proteins simultaneously must use methods which are as rapid as possible to enable completion of the project within a reasonable time frame. Thus, an idealized proteomics technology would consist of a combination of the following features: high sensitivity, high throughput, the ability to differentiate differentially modi®ed proteins, and the ability to quantitatively display and analyse all the proteins present in a sample. In this review we will compare and contrast the current technology with two recently developed analytical methods that may, with further development, overcome several of the problems inherent in 2D gel electrophoresis.
The 2D electrophoresis approach
The most commonly used technique in global proteome analysis is 2D electrophoresis using isoelectric focusing/sodium dodecyl sulfate± polyacrylamide gel electrophoresis (IEF/SDS± PAGE). In 2DE, proteins are ®rst separated by isoelectric focusing (IEF) and then further resolved by SDS±PAGE in the second, perpendicular, dimension. Separated proteins are visualized by staining or autoradiography to produce a 2D array that can contain thousands of proteins [15, 22] .
The identi®cation of individual proteins from polyacrylamide gels, of one or two dimensions, has traditionally been carried out using co-migration with known proteins [21] , immunoblotting, Nterminal sequencing [3, 28] or internal peptide sequencing [2, 36] . In recent years there has been a fundamental shift in the ways such experiments are performed, principally due to the explosive growth of large-scale genomic databases. The current widely used method relies on excising spots from gels, proteolytically digesting the spots, and then extracting the peptides produced. The ®nal stage involves analysing these peptides by mass spectrometry (MS) or tandem mass spectrometry (MS±MS) and then correlating the mass spectral data derived from the peptides with information contained in databases of protein sequence, genomic sequence or expressed sequence tags (ESTs) [11, 27, 51] .
It is clear that this type of approach will become even more widely used in the near future as complete genome sequence data becomes available for more and more organisms. Complete genome sequences have already been reported for a number of organisms, among them Haemophilus in¯uenzae [13] , Saccharomyces cerevisiae [14] , Escherichia coli [5] , Caenorhabditis elegans [7] and Drosophila melanogaster [1]. The human genome project is, of course, one of the major driving forces in biomedical research in recent years. At the time of writing, the ®rst reports have just been released that the ®rst draft of the human genome sequence is now complete [43] .
The pros and cons of 2D electrophoresis
The disadvantages of 2D electrophoresis are that it is very time-consuming, essentially non-quantitative, does not work well for hydrophobic proteins, and has a limited dynamic range. Large-format gels typically require at least 24 h to complete, and for practical reasons are often completed over the course of several days. Staining of individual 2DE spots can be measured and compared using scanning densitometry, but there are so many caveats attached to the data that the results are of questionable value. Many staining techniques, such as silver staining, suffer from a limited dynamic range, so that the intensity of more abundant spots is not linearly correlated to that of less abundant spots. Moreover, some types of proteins, especially those that are post-translationally modi®ed, can give qualitatively and quantitatively different staining when compared to similar amounts of other proteins. Hydrophobic proteins, particularly those of high molecular weight, are especially problematic in 2D gels because the presence of SDS is incompatible with successful ®rst-dimension IEF. Thus, most IEF sample buffers solubilize a wide range of proteins by including high concentrations of chaotropic salts, such as urea, and lower levels of mild detergents, such as CHAPS. It should be noted, however, that signi®cant progress in overcoming this particular limitation has been made in recent years, including the development of new detergents with greater solubilizing power [38, 37] , and the selective application of organic solvents to aid in solubilizing hydrophobic proteins [31] .
Several studies have shown that the majority of proteins identi®ed in 2DE are the more abundant and the more long-lived proteins in the cell. In a study of more than 150 proteins identi®ed in 2DE of yeast cells, for example, no proteins were identi®ed with a codon bias value of less than 0.1, an arbitrarily de®ned cut-off indicating low abundance [18] . In contrast, calculated values indicate that over half of the 6000 genes in yeast [14] have a codon bias index of less than 0.1 and thus are unlikely to be seen in 2DE without prior enrichment. Several techniques have been proposed as generic sample pretreatment strategies to increase the total number of spots that can be visualized in 2DE. These include sequential extraction of a sample with buffers of increasing solubilizing power, which generates fractions on the basis of hydrophobicity [30] , and using narrow-range pH gradients for the ®rst dimension IEF, which expands the resolution in a given range [9, 12] .
Despite these disadvantages, 2DE remains the method of choice for displaying proteins as the front end of a proteomics project, for two main reasons: ®rst, because it can be used to visualize a very large number of proteins simultaneously; and second, because it can be used in a differential display format. The ability to study complex biological systems in their entirety rather than as a multitude of individual components makes it far easier to discover the many complex relationships between proteins in functioning cells. This type of experiment, where the aim is to catalogue as many of the expressed proteins as possible and build up a database of expressed proteins, is often referred to as a`proteome project'. Large-scale proteome characterization projects which have been reported include those of microorganisms such as Saccharomyces cerevisiae [20] , Escherichia coli [45] , Haemophilus in¯uenzae [26] , Mycobacterium tuberculosis [44] , Ochrobactrum anthropi [48] , Salmonella enterica [32] , Spiroplasma melliferum [8] , Synechocystis spp. [39] , Dictyostelium discoideum [50] and Rhizobium leguminosarum [16] , and tissues including human liver [4] , human plasma [4] , human ®bro-blasts [6] , human keratinocytes [6] , human bladder squamous cell carcinomas [6] , mouse kidney [6] and rat serum [10, 19, 29] .
Additionally, an ambitious attempt to undertake a complete human proteome project has recently been announced by the same research group responsible for one of the major successful efforts in the human genome project [40] . It remains to be seen whether this effort will be quite so successful. One major issue with establishing any proteome characterization project is de®ning the proteome in question. A single genome can give rise to an essentially in®nite number of qualitatively and quantitatively different proteomes, depending on such variables as the stage of the cell cycle, growth and nutrient conditions, temperature and stress response, pathological conditions and strain differences, to name but a few. Another way of expressing the same problem is that genomes are essentially static, while proteomes are, by their very nature, dynamic and, therefore, a 2DE-based proteome project can only represent a snapshot rather than the whole constantly moving picture.
Although 2DE is not strictly quantitative, as noted above, the presence or absence of one or more spots in one gel when compared to another is readily detectable. Using this approach, the state of a cellular system in response to a particular treatment can be assessed using 2DE of samples of each state, which allows for the simultaneous assessment of the effect of the treatment on many proteins at once, rather than measuring, for example, levels of a single enzyme. This type of differential display experiment can be used to directly visualize the proteins which are affected during, for example, cell differentiation, gene knockouts, changes in growth or nutrient conditions, or treatment of cultured cells with a potential therapeutic drug. Once these protein spots are identi®ed, knowledge of the proteins that are directly affected by a particular treatment can identify the biochemical pathways involved and so be of great value in deciding the direction of future research. Thus, in this implementation, proteome analysis is used as a biological assay, rather than as a database as described above. In summary, despite numerous drawbacks and limitations, 2DE remains a powerful and versatile tool in proteome analysis. It is clear, however, that there is room for improvement in the ef®ciency of analysis, and this may be achieved by both incremental advances in current methods or development of new technologies.
Isotope-coded af®nity tag peptide labelling
The ®rst of the new methodologies that we feel has the potential to have a great impact on proteome research is known as isotope-coded af®nity tag (ICAT) peptide labelling [17] . This is an approach that combines accurate quanti®cation and concurrent sequence identi®cation of the individual proteins in complex mixtures. The method is based on a newly synthesized class of chemical reagents (ICATs) used in combination with tandem mass spectrometry. The ICAT reagent contains a biotin af®nity tag and a thiol speci®c reactive group, which are joined by a spacer domain which is available in two forms; regular and isotopically heavy, which includes eight deuterium atoms.
In brief, the method consists of four steps. First, a reduced protein mixture representing one cell state is derivatized with the isotopically light version of the ICAT reagent, while the corresponding reduced protein mixture representing a second cell state is derivatized with the isotopically heavy version of the ICAT reagent. Second, the labelled samples are combined and proteolytically digested to produce peptide fragments. Third, the tagged cysteinecontaining peptide fragments are isolated by avidin af®nity chromatography. Finally, the isolated tagged peptides are separated and analysed by microcapillary tandem mass spectrometry, which provides both identi®cation of the peptides by fragmentation in MS±MS mode and relative quantitation of labelled pairs by comparing signal intensities in MS mode. It should be noted that a method based on similar principles, which has the one crucial difference of being based on metabolic labelling of cells and is therefore limited to use with organisms which can be successfully cultured, has also been recently reported [33] .
There are several advantages of this approach when compared to 2DE. There is no need to run time-consuming 2DE experiments, and the approach is scaleable so that, in theory, a large enough amount of sample can be used to enable analysis of low-abundance proteins. The method is based on stable isotope labelling of isolated protein samples, so it does not require the use of metabolic labelling or radioactivity. Most important of all, however, is that it provides accurate relative quanti®cation of each peptide identi®ed. For example, if a protein is present at the same level in the two original samples, the amount of each peptide detected will be the same. If, however, a protein is present at a 10-fold higher level in the sample derivatized with the heavy ICAT reagent, then the amount of heavy ICAT-labelled peptide detected will be 10 times greater than the amount of light ICAT-labelled peptide detected. It should be emphasized that, although quantitation by mass spectrometry is often unreliable, in this case the peptides act as mutual internal standards, since they are chemically identical and differ only by eight neutrons, and thereby eliminate potential problems due to differing ionization ef®ciencies or other physicochemical properties.
There are also several obvious disadvantages to this technique as it is currently presented, but all of them appear to be surmountable in the course of future development. The proteins must, ®rst of all, contain cysteine, which is true for an estimated 92% of yeast proteins, for example, and those cysteines must also be¯anked by appropriately spaced protease cleavage sites. Moreover, the ICAT tag is a large moiety when compared to the size of some small peptides and thus may interfere with peptide ionization and can greatly complicate mass spectral interpretation. All of these problems may be overcome by designing different reagents with speci®city for other peptide side-chains, using a smaller tag group, and using different proteases.
In summary, it is suf®cient to say that the published application example, involving the identi®cation and quanti®cation of galactose-and glucose-repressed proteins in yeast harvested under different growth conditions, represents a signi®cant advance in proteome analysis. Not only were the proteins affected by different growth conditions unambiguously identi®ed, but also their relative amounts were accurately quanti®ed in the course of the same experiment. It is to be hoped that further research in this area will yield even more promising data in the future.
Multi-dimensional protein identi®cation technique
The second of the new methodologies that we believe represents a signi®cant step forward in proteome analysis is the use of multidimensional liquid chromatography coupled to tandem mass spectrometry (LC±LC±MS/MS). The LC±LC±MS/ MS method, as recently reported for use in the analysis of complex mixtures of peptides [25] , is now commonly known by the acronym MudPIT, for multi-dimensional protein identi®cation technique. This method has been previously reported in various incarnations, involving reversed phase columns coupled to either cation exchange columns [34] or size exclusion columns [35] . However, it was only when the technique was employed with a mixed-bed microcapillary column containing strong cation exchange (SCX) and reversed phase (RPC) resins that the true utility of this method was demonstrated [25] . This chromatographic method contains numerous steps, as outlined below.
First, a denatured and reduced protein mixture is digested with trypsin to produce peptide fragments. The mixture is loaded onto a microcapillary column containing SCX resin upstream of RPC resin, eluting directly into a tandem mass spectrometer.
A discrete fraction of the absorbed peptides are displaced from the SCX column onto the RPC column using a step gradient of salt, causing the peptides to be retained on the RPC column, while contaminating salts and buffers are washed through. Peptides are then eluted from the RPC column using an acetonitrile gradient, and analysed by MS/MS. This process is repeated using increasing salt concentration to displace additional fractions from the SCX column. This is applied in an iterative manner, typically involving 10±20 steps, and the MS/MS data from all of the fractions are analysed by database searching [11, 51] and combined to give an overall picture of the protein components present in the initial sample.
There are several advantages of the MudPIT technique, beginning with the fact that it once again avoids the need for time-consuming 2DE and can, in fact, be run in a fully automated system. The use of two dimensions for chromatographic separation also greatly increases the number of peptides that can be identi®ed from very complex mixtures. For example, analysis of a total yeast cell lysate identi®ed 749 unique peptides, from 189 unique proteins, in a single MudPIT experiment [25] , which is far more than would be expected from a conventional LC±MS/MS experiment. Perhaps the most important point, however, is that the method has a very wide dynamic range and none of the protein solubility problems associated with 2DE since the proteins are all proteolytically digested en masse. This is graphically demonstrated in the published example, where the technique was used to characterize whole protein complexes. The yeast ribosomal 80s complex was found to contain 64 proteins by analysis of 56 discrete spots visible in a 2DE experiment, but an additional 11 proteins were identi®ed by analysing the same sample using MudPIT [25] .
The main drawbacks of this approach are concerned with post-experimental analysis. The sheer volume of data collected in a MudPIT experiment consisting of 10±20 cycles of reversedphase chromatography presents a signi®cant problem in terms of both computing power required to complete database searching and the time required to collate and assemble the data into an understandable format. Moreover, the approach is generally limited to use with organisms that have complete genome sequence data available for searching. For the analysis of a single 2DE spot, it is possible to obtain de novo sequence data of peptides, using either software or manual interpretation or a combination of both. This is, however, a labour-intensive and time-consuming task that could not be practically applied to the number of tandem mass spectra collected in a typical MudPIT experiment.
These problems are all readily solvable, which makes this approach even more attractive. Computing resources continue to steadily increase in performance and become more affordable. Mass spectrometric instrumentation and de novo sequencing algorithms will surely improve, making de novo sequencing on a larger scale more practical. Additionally, the technique could be combined with some of the strategies used for improving success in MS±MS based on de novo sequencing experiments, such as employing proteolytic digestion in 18 O enriched water [42] to provide an isotopic end label. And, of course, at some point in the future, complete genomic sequence data will be available for all the major research organisms and therefore de novo sequencing will no longer be required.
In summary, MudPIT represents a viable alternative to 2DE for the analysis of certain complex mixtures. It is a technique that is best suited to rapidly building a proteomic database, rather than being applied in a differential display proteomic assay. This approach is clearly going to become increasingly attractive as a means of extracting as much information as possible in a short time from a protein sample that could represent a complex or even a relatively simple whole organism, particularly one for which large amounts of genomic sequence data are readily available.
Conclusion
Identi®cation and quanti®cation of large numbers of proteins in as short a time as possible will become increasingly important in the future. As we enter the post-genomic era, the search for new enabling technologies will become ever more intense. In this review, we have tried to demonstrate that such techniques and methodologies are becoming available, and are now ready to be used in solving interesting and exciting biological problems.
